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feeOBJECTIVES The aim of this study was to develop a new model for assessment of stenosis severity in a bifurcation
lesion including its core. The diagnostic performance of this model, powered by 3-dimensional quantitative coronary
angiography to predict the functional signiﬁcance of obstructive bifurcation stenoses, was evaluated using fractional ﬂow
reserve (FFR) as the reference standard.
BACKGROUND Development of advanced quantitative models might help to establish a relationship between
bifurcation anatomy and FFR.
METHODS Patients who had undergone coronary angiography and interventions in 5 European cardiology centers
were randomly selected and analyzed. Different bifurcation fractal laws, including Murray, Finet, and HK laws, were
implemented in the bifurcation model, resulting in different degrees of stenosis severity.
RESULTS A total of 78 bifurcation lesions in 73 patients were analyzed. In 51 (65%) bifurcations, FFR was measured in
the main vessel. A total of 34 (43.6%) interrogated vessels had an FFR #0.80. Correlation between FFR and diameter
stenosis was poor by conventional straight analysis (r ¼ 0.23, p < 0.001) but signiﬁcantly improved by bifurcation
analyses: the highest by the HK law (r ¼ 0.50, p < 0.001), followed by the Finet law (r ¼ 0.49, p < 0.001), and the
Murray law (r ¼ 0.41, p < 0.001). The area under the receiver-operating characteristics curve for predicting FFR#0.80
was signiﬁcantly higher by bifurcation analysis compared with straight analysis: 0.72 (95% conﬁdence interval: 0.61 to
0.82) versus 0.60 (95% conﬁdence interval: 0.49 to 0.71; p ¼ 0.001). Applying a threshold of $50% diameter stenosis,
as assessed by the bifurcation model, to predict FFR #0.80 resulted in 23 true positives, 27 true negatives, 17 false
positives, and 11 false negatives.
CONCLUSIONS The new bifurcation model provides a comprehensive assessment of bifurcation anatomy. Compared
with straight analysis, identiﬁcation of lesions with preserved FFR values in obstructive bifurcation stenoses was
improved. Nevertheless, accuracy was limited by using solely anatomical parameters. (J Am Coll Cardiol Intv
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AB BR E V I A T I O N S
AND ACRONYM S
3D = 3-dimensional
AUC = area under the receiver-
operating characteristics curve
CI = conﬁdence interval
DS% = percent diameter
stenosis
FFR = fractional ﬂow reserve
MLA = minimum lumen area
MV = main vessel
QCA = quantitative coronary
angiography
RDF = reference diameter
function
SB = side branch
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565A ssessing the severity of coronary bifurcationlesions is a frequently faced challenge. Thepitfalls and limitations of the conventional
quantitative coronary angiography (QCA) approach—
the straight (single segment) analysis—have been
widely recognized (1,2). Three-dimensional (3D)
reconstruction on the basis of 2 angiographic projec-
tions might improve assessment of bifurcation le-
sions (3). However, the greatest challenge of
bifurcation analysis remains to deﬁne the true refer-
ence vessel size of the main vessel (MV) and the
side branch (SB), and, in particular, the true size
of the bifurcation core, or the polygon of conﬂuence
(i.e., where the MV and the SB merge upstream into
a single branch). Several bifurcation models have
been developed to incorporate the step-down phe-
nomenon in calculating the reference vessel size
for quantitative assessment of bifurcation lesions
(2,4,5). However, these models have not completely
addressed the physical interpretation of the refer-
ence vessel size at the bifurcation core, which ham-
pers the comprehensive assessment of the entire
bifurcation lesion that extends from the proximal
MV into the distal MV and/or the SB. Develop-
ment of dedicated quantitative bifurcation models
could assist in: 1) understanding the relation
between bifurcation anatomy and fractional ﬂow
reserve (FFR), a standard of reference for inducible
myocardial ischemia (6); and 2) assessing inter-
ventional devices aiming at this complex clinical
scenario.
This study aims to present a new quantitative
bifurcation model for comprehensive assessment of
anatomical severity in the entire bifurcation lesion
including its core. The model constructs a number of
bent oval planes for measurement in the bifurcation
core. This resolves the ambiguity in deﬁning stenosis
severity in the core and seamlessly integrates lesion
assessment at the 2 sides of the lateral wall opposite
to the carina. The accuracy of this model, empowered
by 3D QCA to predict the functional signiﬁcance of
coronary bifurcation stenosis, was evaluated using
FFR as the reference standard.Scientiﬁc, and Medtronic. Dr. Holm has received speaker fees, consultant f
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STUDY POPULATION. This retrospective,
observational, and analytical study ran-
domly selected patients who were admitted
in 5 European hospitals (Hospital Clinico
San Carlos, Madrid, Spain; Thoraxcentrum
Twente at Medisch Spectrum Twente, En-
schede, the Netherlands; Aarhus University
Hospital, Skejby, Denmark; OLV Clinic, Aalst,
Belgium; and Paul Stradins Clinical Hospital,
Riga, Latvia) in the context of clinical
FFR studies including bifurcation lesions
(TWENTE trial [7], Nordic-Baltic Bifurcation
Study III [8], Tryton kissing balloon investi-
gation [9], and Echavarria-Pinto et al. [10]).
Inclusion criteria were: 1) bifurcation lesions
with >40% diameter stenosis (DS%) by visual esti-
mation in the main coronary arteries; 2) absence of
coronary artery bypass graft to the interrogated
vessel; 3) measurement of FFR in the MV prior
to revascularization or in the SB if no stent
was implanted in the SB; and 4) 2 angiographic
projections $25 apart recorded by ﬂat-panel
systems.
Exclusion criteria were: 1) excessive overlap or
foreshortening (>90%); 2) poor angiographic images
quality for delineation of lumen contours; and
3) presence of a third branch with diameter >1 mm at
the interrogated bifurcation, forming a trifurcation
structure.
Diagnostic angiography was obtained after intra-
coronary nitrates in all cases, and FFR interrogation
was performed as part of the clinical evaluation
of patients or according to the corresponding
study protocol. Written informed consent was ob-
tained from all patients according to institutional
regulations.
THE NEW QUANTITATIVE BIFURCATION MODEL.
A bifurcation is associated with 3 segments: the
proximal MV, the distal MV, and the SB. They are
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566MV and the SB merge upstream into the proximal MV
(2,11). Existing quantitative models (2,4,5) assess the
disease along several ﬂat planes at the bifurcation
core. Figure 1 presents the new quantitative bifur-
cation model. Instead of measuring diameter and
stenosis along ﬂat planes, the new model creates a
number of bent oval planes, with the degree of
bending depending on the bifurcation angle of each
individual bifurcation. The bending of the oval plane
linearly decreases toward proximal, changing into a
ﬂat plane at the beginning of the bifurcation core. The
sum of the 2 paired diameters at each oval plane was
deﬁned as the core diameter. Accordingly, the refer-
ence core diameter was deﬁned as the sum of the
2 paired reference diameters at each oval plane.uantitative Model for Assessing Bifurcation Lesions
bifurcation core, with its size independent from the severity of the stenosis (10
half-ﬂat planes with a pair of arterial diameter cords. (C) The corresponding r
eter function (solid yellow curve) and reference core diameter function (das
val plane was the sum of 2 paired diameter cords in the 2 half-ﬂat planes, as
as generated on the basis of the arterial and reference core diameter functioThe reference diameters/cords were constructed as
followed: a virtual plane going through the carina and
the center of the ﬁrst cross section of the bifurcation
core was created (blue line in Figure 1C). The virtual
plane separated the core into 2 half cores, 1 extending
into the distal MV and the other into the SB. The sizes
of the cords in each half core changed linearly from
proximal toward distal. The stenosis function is
calculated from the arterial core diameter function
(solid yellow curve in Figures 1D and 1E) and the
reference core diameter function (dashed red curve in
Figures 1D and 1E), and represents the DS% at each
location along the interrogated vessel. This stenosis
function is divided into 2 separated functions at the
carina: 1 in the distal MV and the other in the SB.). (B) Deﬁnition of bent oval planes at the bifurcation core; each plane
eference core diameters at the bent oval planes. (D and E) Calculation
hed red curve) for the main vessel and the side branch. Each core
indicated by the same annotations in B and C. The diameter stenosis
ns and was expressed as percent diameter stenosis at each location.
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567A possible jump depending on the relative stenosis
severity between the distal MV and the SB can
be observed. In Figure 1, the SB had higher DS%
compared with the distal MV, resulting in an in-
creased DS% when crossing the carina into the SB
and decreased DS% when crossing the carina into the
distal MV.
3D QCA AND ANALYSIS PROTOCOL. Angiographic
images were recorded by monoplane or biplane x-ray
systems (AXIOM-Artis, Siemens, Malvern, Pennsyl-
vania; AlluraXper, Philips Healthcare, Best, the
Netherlands; INTEGRIS Allura, Philips Healthcare;
Innova 3100, GE Healthcare, Chalfont, Buck-
inghamshire, United Kingdom). 3D QCA was per-
formed by an experienced analyst (S.T.) using a
validated software package (QAngio XA 3D research
edition 1.2, Medis Specials BV, Leiden, the Nether-
lands) (3). Automatic calibration was used when the
geometrical parameters required by 3D reconstruction
were stored in the DICOM ﬁles. Otherwise, catheter
calibration was applied. The reconstruction consisted
of the following steps: 1) selection of 2 angiographic
image sequences $25 apart; 2) selection of proper
contrast-ﬁlled end-diastolic frames; 3) identiﬁcation
of anatomical landmarks for automated correction of
system distortions; 4) delineation of the bifurcation
lumen in the 2 projections; and 5) 3D reconstruction of
the lumen and the reference surface (i.e., the esti-
mated healthy lumen as if there was no stenosis).
Three commonly used fractal laws—the Murray, Finet,
and HK laws (12)—were implemented in the software
to support optimization of reference diameter func-
tion (RDF) for the diffusely diseased segment if
applicable. Details of the fractal laws are available in
the Online Appendix.
Analyses were performed following this protocol:
when FFR was measured at both the distal MV and
the SB, only the segment with lower FFR was
included for comparison. The 3D QCA software auto-
matically calculated an RDF for each of the 3 seg-
ments (proximal MV, distal MV, and SB) separately
and constructed a reference bifurcation core. After
documenting the resulting DS% (annotated as DS%
Separate), the analyst chose 2 segments with less
diffused disease and optimized the RDF for the third
segment using the Murray, Finet, and HK laws,
respectively. Accordingly, 3 new reference bifurca-
tion cores were reconstructed, and the corresponding
DS% were annotated as DS%Murray, DS%Finet, and
DS%HK, respectively. Conventional straight analysis
was also performed, and the generated DS% (anno-
tated as DS%Straight) was used for comparisons
with the bifurcation analyses.All imaging data were analyzed at a core labora-
tory (ClinFact, Leiden, the Netherlands), where 3D
QCA performed with QAngio XA 3D on repeated
analysis of the same images has intraobserver
and interobserver variability of 0.02  0.08 mm and
0.03  0.11 mm for minimum lumen diameter, and
0.02  0.21 mm2 and 0.04  0.40 mm2 for minimum
lumen area (MLA), respectively.
STATISTICS. Continuous variables are expressed as
mean  SD or as median (interquartile range [IQR])
as appropriate. Categorical variables are expressed as
percentages. Data were analyzed on a per-patient
basis for clinical characteristics and on a per-vessel
basis for the remaining calculations. Normal distri-
bution was determined using the Shapiro-Wilk test.
Association among continuous variables was deter-
mined by Spearman’s rank correlation coefﬁcient
(r value). Pairwise comparisons were made with
the Student t test or Mann-Whitney U tests, as
appropriate. No post-hoc p value corrections were
performed. Because each bifurcation lesion poses
speciﬁc anatomy and physiological repercussions,
independence was assumed for vessel analyses. The
performance of 3D QCA in predicting functionally-
signiﬁcant stenosis was assessed using sensitivity,
speciﬁcity, positive predictive value, negative pre-
dictive value, and diagnostic accuracy, together with
their 95% conﬁdence intervals (CIs). The area under
the receiver-operating characteristics curve (AUC)
by receiver-operating curve (ROC) analysis was used
to assess the diagnostic accuracy of 3D QCA using
FFR #0.80 as the standard of reference. The Youden
index (highest sum of sensitivity and speciﬁcity)
was used as a criterion to identify the optimal diag-
nostic cut-off value. Comparisons between AUCs
were performed with the DeLong method using
MedCalc version 13.0 (MedCalc Software, Mariakerke,
Belgium). Other statistical analyses were performed
with IBM SPSS software version 20.0 (SPSS Inc.,
Chicago, Illinois). A 2-sided p value of <0.05 was
considered signiﬁcant.RESULTS
BASELINE CLINICAL AND LESION CHARACTERISTICS.
A total of 85 bifurcation lesions from 80 patients were
included. Seven bifurcation lesions were excluded,
resulting in a ﬁnal analysis of 78 obstructed bi-
furcations from 73 patients. In 51 (65%) bifurcations,
FFR was measured in the MV. The patients’ clinical
characteristics are listed in Table 1. Hyperemia was
induced by intracoronary and intravenous adminis-
tration of vasodilators in 17 (21.8%) and 56 (78.2%)
TABLE 1 Baseline Clinical Characteristics (n ¼ 73)
Age, yrs 68.0 (57.8–76.0)
Male 51 (69.9)
Mean body mass index, kg/m2 26.8 (25.2–30.0)*
Hypertension 51 (69.9)
Hyperlipidemia 48 (65.8)
Current smoker 11 (15.1)
Diabetes mellitus 12 (16.4)
Clinical presentation
Stable angina 51 (69.9)
Unstable angina 10 (13.7)
Post-myocardial infarction 12 (16.4)
Cardiovascular history
Prior myocardial infarction 22 (37.9)†
Prior PCI 23 (31.5)
Prior PCI in index vessel 5 (6.8)
Prior CABG 2 (2.7)
Values are median (interquartile range) or n (%). *Data missing in 7 patients. †Data
missing in 15 patients.
CABG ¼ coronary artery bypass surgery; PCI ¼ percutaneous coronary
intervention.
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568patients, respectively. Table 2 shows lesion charac-
teristics. Overall, the study comprised stenoses of
intermediate physiological severity (FFR: 0.81  0.12,
median: 0.83 [IQR: 0.74 to 0.89]), and categorically,
abnormal FFR #0.80 was measured in 34 (43.6%)
vessels: 33 in the MV and only 1 in the SB.TABLE 2 Baseline Lesion Characteristics (n ¼ 78)
Index bifurcation
LM-LAD/Cx 3 (3.8)
LAD/diagonal 60 (76.9)
LAD/septal 1 (1.3)
Cx/OM 8 (10.3)
RCA/ventricle 5 (6.4)
RCA-RPD/RPL 1 (1.3)
Bifurcation type (medina classiﬁcation)
0, 0, 1 3 (3.8)
0, 1, 0 13 (16.7)
0, 1, 1 4 (5.1)
1, 0, 0 11 (14.1)
1, 0, 1 4 (5.1)
1, 1, 0 14 (17.9)
1, 1, 1 29 (37.2)
Fractional ﬂow reserve
Mean  SD 0.81  0.12
Median (IQR) 0.83 (0.74–0.89)
Minimum lumen diameter, mm 1.27  0.29
Minimum lumen area, mm2 1.57 (1.21–2.25)
Values are n (%), mean  SD, or median (interquartile range).
Cx ¼ circumﬂex artery; LAD ¼ left descending artery; LM ¼ left main trunk;
OM ¼ obtuse marginal; RCA ¼ right coronary artery; RDP ¼ right descending
posterior artery; RPL ¼ right posterior lateral artery.CORRELATION BETWEEN FFR AND 3D QCA.
Figure 2 shows a representative example of analysis
applying the new bifurcation model. Comprehensive
quantiﬁcation of characteristics of the bifurcation
lesion involving the core can be performed. Due
to the similar degrees of stenosis severity in the
ostium of the distal MV and the SB, a continuous
diameter stenosis function crossing the bifurcation
core was generated for the entire MV (Figure 2B2).
The maximum DS% was found in the middle of
the bifurcation core. Figure 3 shows an example of
quantiﬁcation in a diffusely-diseased proximal MV
segment by optimizing its RDF applying the fractal
laws. The ostium of the distal MV had a higher degree
of stenosis compared with the SB, resulting in a small
jump in the diameter stenosis function at the carina
(asterisk in Figure 3C2).
The correlations between FFR and DS% from
different analyses are shown in Figure 4. Poor cor-
relation (r ¼ 0.23, p < 0.01) was observed between
FFR and the conventional DS%Straight. This corre-
lation, however, signiﬁcantly improved when ap-
plying the new bifurcation model, especially when
integrating the fractal laws. Among the 4 bifurcation
analyses, correlation with FFR was the highest
for DS%HK (r ¼ 0.50, p < 0.001), followed by
DS%Finet (r ¼ 0.49, p < 0.001), DS%Murray
(r ¼ 0.41, p < 0.001), and DS%Separate (r ¼ 0.39,
p < 0.001).
AGREEMENT AMONG DIFFERENT QUANTITATIVE
ANALYSES. The method for calculating RDF in-
ﬂuences the resulting DS%, percent area stenosis,
and lesion length. Table 3 shows the comparison of
lesion characteristics by the different analyses. DS%
Straight was higher compared with all bifurcation
analyses, including DS%Separate (difference: 3.0 
5.6%; p < 0.001), DS%Murray (difference: 1.4  6.5%;
p ¼ 0.057), DS%Finet (difference: 2.3  7.2%; p ¼
0.006), and DS%HK (difference: 2.5  7.1%; p ¼
0.002). When the 3 fractal laws were applied for
the optimization of the RDF, a good agreement was
observed between DS%HK and DS%Finet (difference:
0.3  1.2%; p ¼ 0.070). A small but statistically-
signiﬁcant bias toward higher DS%Murray was
observed compared with DS%HK (difference: 1.1 
3.6%; p ¼ 0.008) and DS%Finet (0.9  3.3%;
p ¼ 0.026). Substantially shorter lesion length
was observed in straight analysis compared with all
bifurcation analyses, including the separate analysis
(difference: 5.4  11.2 mm; p < 0.001), the Murray
law (difference: 8.0  13.3 mm; p < 0.001), the Finet
law (difference: 8.3  13.6 mm; p < 0.001), and the
HK law (difference: 8.3  13.5 mm; p < 0.001).
FIGURE 2 In Vivo Assessment of Stenosis Severity in Bifurcation Lesions By the New Bifurcation Model
(A) Angiographic image showing a true bifurcation lesion (red arrows). Fractional ﬂow reserve (FFR) measured at the left anterior descending artery (LAD) distal to the
bifurcation lesion was 0.62. (B) Reconstruction of the interrogated bifurcation and its reference surface, that is, the estimated healthy bifurcation as if the lesion was not
present. The asterisk indicates the beginning of the bifurcation core. The green contours superimposed on the bifurcation core (top right) show the bent oval planes
where diameters were measured. (B1) The arterial diameter function (solid yellow curve) and the corresponding reference diameter function (dashed red curve) for the
LAD. The asterisk indicates the start position of the bifurcation core. The size of the core diameter at this position is equal to the diameter of the proximal main vessel
(MV), whereas the size of the core diameter at the end position of the bifurcation core is equal to the sum of the diameters of the distal MV and the side branch (SB).
(B2) The diameter stenosis function, indicating that the middle of the bifurcation core (red arrow) has the maximum diameter stenosis of 56%.
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569No signiﬁcant difference was observed among the
lesion lengths assessed by the 3 bifurcation analyses
applying fractal laws.
ACCURACYOF 3DQCA FOR PREDICTING FUNCTIONALLY-
SIGNIFICANT STENOSES. Importantly, all bifurcation
models were superior to the conventional DS%
Straight for diagnosing FFR #0.80 stenoses (Table 4).
DS%Straight had a lower AUC (0.56 [95% CI: 0.44
to 0.67]) compared with the bifurcation analyses
including DS%Separate (0.64 [95% CI: 0.52 to 0.75];
difference, 0.08 [95% CI: 0.00 to 0.16]; p ¼ 0.044),
DS%Murray (0.69 [95% CI: 0.58 to 0.79]; dif-
ference, 0.13 [95% CI: 0.04 to 0.22]; p ¼ 0.004), DS%
Finet (0.72 [95% CI: 0.60 to 0.81]; difference, 0.16
[95% CI: 0.06 to 0.25]; p ¼ 0.002), and DS%HK(0.72 [95% CI: 0.61 to 0.82]; difference, 0.16 [95%
CI: 0.06 to 0.25]; p ¼ 0.001). Among the bifurcation
analyses optimized by the 3 fractal laws, DS%HK
had the highest AUC. However, the AUC differences
respecting DS%Murray and DS%Finet were small and
statistically nonsigniﬁcant (0.03 [95% CI: 0.03 to
0.08]; p ¼ 0.328, and 0.00 [95% CI: 0.01 to 0.02];
p ¼ 0.622, respectively).
Categorization of the bifurcation stenosis (n ¼ 78)
on the basis of the common limit of $50% diameter
stenosis resulted in 23 true positives, 27 true nega-
tives, 17 false positives, and 11 false negatives.
Bifurcation analysis resulted in reclassiﬁcation of
the straight analysis in 19 lesions: 16 correctly
reclassiﬁed and 3 incorrectly reclassiﬁed. The best
cut-off values for determining FFR #0.80 were DS%
FIGURE 3 Quantiﬁcation of Stenosis Severity in a Diffusely-Diseased Vessel Segment by Optimizing its Reference Diameter Function
(A) Angiogram showing a long diffused lesion at the proximal LAD involving the LAD/diagonal bifurcation. FFR at the distal LAD was 0.61. (B) Initial 3D reconstruction of
the LAD/diagonal bifurcation by computing the reference diameter function (RDF) from each branch separately. (B1 and B2) The corresponding diameter and stenosis
functions for the LAD. Note that the reference diameter at the proximal LAD was underestimated, resulting in incorrect localization of the maximum percent diameter
stenosis (DS%) position (red arrow) and underestimation of lesion length. (C) 3D reconstruction after optimizing the RDF of the proximal LAD using the HK fractal law.
(C1 and C2) The corresponding diameter and stenosis functions. After optimization, lesion length increased from 15.3 to 33.0 mm and DS% increased from 39% to 55%.
The maximum DS% position was shifted from the carina (red arrow in B2) to the proximal LAD (red arrow in C2). Abbreviations as in Figure 2.
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570HK 56%, minimum lumen diameter 1.35 mm, and
MLA 1.70 mm2. The associated diagnostic perfor-
mances are listed in Table 5. Comparable perfor-
mances were observed for the 4 discrimination
criteria on the basis of bifurcation analysis applying
the fractal laws, among which DS%HK $56% had
the highest overall accuracy of 68%, with sensitivity
53%, speciﬁcity 80%, positive predictive value 67%,
and negative predictive value 69%.DISCUSSION
This study presents a new quantitative model for
comprehensive anatomical assessment of coronarybifurcation lesions including the bifurcation core.
When applying this model in the quantiﬁcation of
obstructive bifurcation lesions, accuracy in diameter
stenosis for predicting FFR #0.80 was higher by
the bifurcation model compared with conventional
straight analysis: 0.72 (95% CI: 0.61 to 0.82) versus
0.60 (95% CI: 0.49 to 0.71; p ¼ 0.001). Applying a
threshold of $50% diameter stenosis, assessed by
the bifurcation model, to predict FFR #0.80 resulted
in 23 true positives, 27 true negatives, 17 false posi-
tives, and 11 false negatives.
QCA AND FFR. The diagnostic accuracy of QCA
in discriminating stenosis physiological severity
as deﬁned by FFR has been reported by various
FIGURE 4 Correlation Between FFR and Diameter Stenosis by Different Analyses
An increase of correlation between DS% and FFR was observed in bifurcation analyses compared with the straight analysis. The DS% as
assessed by the bifurcation model optimized by the HK fractal law had the highest correlation with FFR (r ¼ 0.50). The separate analysis
refers to the bifurcation analysis without applying the fractal laws. Abbreviations as in Figures 2 and 3.
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571studies, with differing results (13–16). Character-
istics of included lesions, angiographic quality, and
techniques in image analysis may explain these dif-
ferences. In a study using online QCA analysis, Toth
et al. (13) found that roughly one-third of a large
patient population showed discordance between
DS% $50% and FFR #0.8. In another study that
included mainly nonobstructive coronary stenoses
(DS% ¼ 34  13%), Pyxaras et al. (15) found a good
correlation between FFR and QCA as analyzed by a
dedicated 3D QCA system. The AUC for MLA in
determining FFR #0.8 was 0.89. However, anotherseparate study (16) that applied 3D QCA in coronary
lesions that were on average intermediate (DS% ¼
51  14%) showed a lower accuracy (AUC 0.79).
Recently, Tu et al. (14) studied a population of rela-
tively homogeneous intermediate lesions (DS% ¼
46.6  7.3%) and observed a modest accuracy in all
anatomical parameters assessed by dedicated 3D
QCA. MLA had the highest AUC at 0.73. These data
suggest that QCA might not be sufﬁcient to predict
the physiological behavior of individual intermediate
stenosis, where physiological assessment is most
commonly required in clinical practice.
TABLE 5 Diagnostic Performance of 3-Dimensional Quantitative
Coronary Angiography
DS%HK
$50%
DS%HK
$56%
MLD
#1.35 mm
MLA
#1.70 mm2
Accuracy 64 (53–75) 68 (57–79) 62 (50–73) 67 (56–77)
Sensitivity 68 (50–83) 53 (35–80) 79 (62–91) 76 (59–89)
Speciﬁcity 61 (46–76) 80 (65–90) 48 (33–63) 59 (43–74)
PPV 58 (41–73) 67 (46–84) 54 (39–68) 59 (43–74)
NPV 71 (54–83) 69 (54–81) 75 (55–89) 77 (59–89)
Values are % (95% conﬁdence interval).
MLA ¼ minimum lumen area; MLD ¼ minimum lumen diameter; NPV ¼ negative
predictive value; PPV ¼ positive predictive value.
TABLE 3 Quantiﬁcation of Lesion Characteristics by
Different Analyses
DS% AS% Lesion Length, mm
Straight 52.5  8.7 69.3  10.7 12.6 (8.4–20.0)
Separate 49.5  10.1 67.6  13.3 18.2 (12.5–23.9)
Murray 51.1  10.4 69.6  13.3 19.8 (12.4–33.1)
Finet 50.2  10.6 68.0  14.8 19.4 (12.6–33.6)
HK 50.0  10.5 67.8  14.6 19.6 (12.6–32.9)
Values are mean  SD or median (interquartile range).
AS% ¼ percent area stenosis; DS% ¼ percent diameter stenosis.
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572Yet, analysis techniques continue to advance,
which is of particular interest in the setting of bifur-
cation lesions. It is well recognized that conventional
straight analysis is not reliable for analyzing bifurca-
tion lesions due to the step-down phenomenon (2).
We developed a novel quantitative bifurcation model
and applied it in the present study. Our ﬁndings
suggest that this bifurcation model increased the
diagnostic accuracy of angiography using FFR as the
reference standard, compared with straight analysis.
However, the accuracy was limited. This ﬁnding
agrees with the recent statement by Johnson et al. (17)
that coronary anatomy alone will probably not be
sufﬁcient to predict physiological behavior at the
patient level. It also supports the hypothesis by Toth
et al. (13) that the discordance between angiography
and FFR is related to physiologic factors, including
the amount of myocardium downstream to the ste-
nosis and the functional status of the coronary
microcirculation. Notably, a higher optimal cut-off
value of 56% for DS% in predicting FFR #0.80 was
observed in the present study, compared with the
commonly-used threshold of 50%. This might be
partly explained by a unique characteristic of bifur-
cation lesions. When 1 daughter branch is severely
obstructed while the other is relatively spared, ﬂowTABLE 4 Area Under Receiver-Operating Curve (C Statistic) for
Prediction of Reduced FFR Using 3-Dimensional Quantitative
Coronary Angiography
C Statistic (95% CI) p Value
DS%Straight 0.56 (0.44–0.67) 0.358
DS%Separate 0.64 (0.52–0.75) 0.027
DS%Murray 0.69 (0.58–0.79) 0.004
DS%Finet 0.72 (0.60–0.81) <0.001
DS%HK 0.72 (0.61–0.82) <0.001
Minimum lumen diameter 0.60 (0.49–0.71) 0.116
Minimum lumen area 0.65 (0.54–0.76) 0.016
CI ¼ conﬁdence interval; DS% ¼ percent diameter stenosis; FFR ¼ fractional ﬂow
reserve.distribution at the bifurcation could be altered due to
the increased resistance of the obstructed branch.
Hence, hyperemic ﬂow can be redistributed and
mainly directed to the unobstructed branch, resulting
in a higher FFR value in the obstructed branch
compared with the same stenosis geometry in a
theoretical straight vessel.
COMPARISON TO THE EXISTING SOLUTIONS FOR
BIFURCATION ANALYSIS. Two solutions have been
reported for dedicated bifurcation analysis: the
CAAS bifurcation application (Pie Medical, Maas-
tricht, the Netherlands) (5) and the QAngio XA bifur-
cation application (Medis Medical Systems, Leiden,
the Netherlands) (1,4). The latter contains 2 bifur-
cation models: 1 for T-shaped bifurcations and 1 for
Y-shaped bifurcations. All of these solutions quanti-
ﬁed diameters along a number of ﬂat planes, resulting
in ambiguity of the stenosis severity in the bifurca-
tion core. Consequently, assessment of bifurcation
anatomy and its underlying physiology is hampered.
We developed a new bifurcation model that could
overcome the aforementioned limitations by quanti-
fying stenosis severity along a number of bent oval
planes, with the bending depending on individual
bifurcation angle. By applying this solution, the
quantiﬁcation at every location in the bifurcation core
is unique, and lesions at the 2 sides of the lateral wall
opposite to the carina are seamlessly integrated. In
addition, the pattern of the RDF in the bifurcation
core is clearer with this solution (increasing down-
stream from the mother diameter to the sum of the 2
daughter diameters), facilitating future standardiza-
tion and comparison of bifurcation analyses. Last
but not least, fractal laws were integrated in the
model for optimization of the RDF. This could be
particularly helpful when 1 of the 3 segments is
diffusely diseased, during which the calculation of
the RDF on the basis of the diseased segments alone is
unreliable. This is because fractal laws express the
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573diameter relation of the 3 segments prior to devel-
opment of disease. Therefore, the integration of these
laws could potentially improve the accuracy of the
RDF calculation for the diffusely-diseased segments.
Importantly, although the 3 fractal laws applied
in this study have been tested in phantoms and
healthy coronary bifurcations (12), they have not
been systematically compared in clinical populations
including bifurcation lesions. Indeed, our data
showed that the correlations between DS% and FFR
improved after applying the fractal laws. Among the 3
commonly-used fractal laws, we found that DS%
optimized by the HK law had the highest accuracy
in predicting FFR #0.80. However, the difference
respecting the Murray and Finet laws was small and
statistically nonsigniﬁcant, which might partially be
explained by our relatively small sample size.
CLINICAL IMPLICATIONS. Determining whether a
bifurcation lesion is in real need of revascularization
remains challenging due to the complexity of its
anatomy. Moreover, the percutaneous treatment of
these lesions is associated with relatively high reste-
nosis and complication rates (18). Integration of
anatomical and physiological assessments, tailored
selection of interventional devices and treatment
strategies, and optimal sizing and deployment of the
devices are important factors that may contribute to
better patient outcomes. The current study presented
in detail a new model for the quantitative assessment
of bifurcation lesions. In this proof-of-concept study,
we demonstrated that the proposed model could be
applied to the analysis of x-ray images acquired
by different angiographic systems with various pro-
tocols, requiring only 2 different angiographic pro-
jections at least 25 apart; therefore, it is readily
available during diagnostic angiography. This is an
important basis for future studies, especially for
assessing the efﬁcacy of stents or vascular scaffolds
implanted in coronary bifurcations. We also demon-
strated that applying this bifurcation model reduced
the scatter in the relation between angiography-
determined DS% and FFR, especially when bifur-
cation fractal laws were applied. However, the
capability of predicting functionally-signiﬁcant
lesions by solely anatomical parameters remained
limited. Our results further support the hypothesis
that the discordance between angiography and FFR
cannot be completely removed by improved anatom-
ical analysis techniques. Various physiological factors,
including the area of downstream supplied territory
and microvascular resistance, may have contributed
to the discordance. Integration of anatomical mo-
deling and physiological factors in the computationof FFR including QCA-based FFR (14) and computed
tomography–based FFR (19) might evolve as new tools
for assessing functional coronary stenosis severity.
These new techniques estimate patient-speciﬁc hy-
peremic ﬂow and utilize computational ﬂuid dynamics
to solve complex interactions between ﬂow and
luminal boundary, shedding light on the understand-
ing of coronary anatomy and physiology.
STUDY LIMITATIONS. The present study examined a
limited sample size. We were unable to perform a
meaningful ROC analysis for the cohort with FFR
measurement in the side branch; therefore, the effect
of lesion location (MV or SB) on the diagnostic accu-
racy of this novel bifurcation model requires further
studies. We analyzed images from 4 studies that
predominantly enrolled patients undergoing PCI.
Therefore, selection bias cannot be ruled out. In the
cohort with FFR measurements in the SB, only a
small proportion of the study population had a
functionally-signiﬁcant lesion. Nevertheless, a pre-
vious study that examined consecutive patients with
jailed side branches also reported that most side
branch obstructions did not show functional signiﬁ-
cance (20), which might be partly explained by the
fact that side branches generally supply perfusion to
smaller amounts of myocardium, resulting in less
pressure drop compared with the same stenosis in
the main vessel. Our primary analysis showed that
applying the bifurcation model in image analysis
reduced the scatter in the relation between diameter
stenosis and FFR. This warrants further prospective
evaluation of the diagnostic value of bifurcation
QCA in subsets of bifurcation lesions and in guiding
optimal treatment strategies for bifurcation inter-
ventions on the basis of the integration of anatomy
and physiology.
CONCLUSIONS
A new model for the analysis of coronary bifurcation
lesions is proposed. This model provides compre-
hensive assessment of bifurcation anatomy including
its core. When compared with straight analysis,
identiﬁcation of lesions with preserved FFR values
in obstructive bifurcation stenoses was improved.
However, accuracy was limited by using solely
anatomical parameters.
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PERSPECTIVES
WHAT’S KNOWN? Current bifurcation QCA models
have limitations in assessing stenosis severity in the
bifurcation core.
WHAT’S NEW? A new quantitative bifurcation model
for comprehensive assessment of bifurcation anatomy
was developed, resulting in improved accuracy in identi-
fying lesions with preserved FFR values. Nevertheless,
accuracy was limited, even by including bifurcation fractal
laws in the analysis. Discrepancy between QCA and FFR
cannot completely be removed by solely anatomical
analysis.
WHAT’S NEXT? Integration of QCA and coronary ﬂow
in computational FFR might improve assessment of
bifurcation stenoses.
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